Actively regulated symmetry breaking, which is ubiquitous in biological cells, underlies phenomena such as directed cellular movement and morphological polarization. Here we investigate how an organ-level polarity pattern emerges through symmetry breaking at the cellular level during the formation of a mechanosensory organ.
with σ(u) a generic sigmoidal function ( Fig. 1D ; Supplementary Note 1; [16] ). 53 Any small asymmetry in the initial conditions amplifies over the timescale 54 τ and gives rise to a positive and a negative state. The NICD-positive and 55 -negative sibling cells subsequently develop opposite polarities [17, 15] . 56 To investigate the spatial arrangement of the cells, it is helpful to intro-57 duce the signaling dipole 58 m = u 2 − u 1 2 (r 2 − r 1 ), (2) area between the two hair cells A h , and the contacts with the surrounding 117 supporting cells A s . Accordingly, the effective surface energy is given by 118 E = dA h γ h + dA s,1 γ s,1 + dA s,2 γ s,2 .
When the cell doublet is in a configuration that minimizes this energy, the 119 contact angle α between the two cells is controlled by the surface tensions 120 ( Fig. 2B ; Supplementary Fig. 2 ; Supplementary Note 2.1). If the supporting 121 cell tensions in the contact point are equal γ s,i = γ s , the contact angle is
We used Eq. 4 to infer the ratio of the interfacial tensions from our mea-123 surements of the contact angle over time (Fig. 2D ). Cellular surface tension is 124 subject to active spatiotemporal regulation: various biochemical and genetic interfacial area is maximized rather than minimized under the constraints 146 of the system [30, 31] . We observed that, rather than being uniformly dis-147 tributed, protrusions were restricted to particular cellular regions: the hair 148 cells of each pair formed protrusions predominantly at their opposite poles 149 ( Fig. 3A; Supplementary Video 2) . This observation suggested that, rather 150 than decreasing uniformly over time, the interfacial tension γ s,i also developed 151 a spatial broken symmetry. A cellular surface that is subject to non-uniform 152 tension may become protrusive in spatially restricted regions where the ten-153 sion is locally below the wetting threshold. In particular, oriented gradients 154 of surface tension may produce directed protrusive activity along a particular 155 cellular axis [32] [33] [34] .
156
To establish whether the localized protrusions were directed by the same Pairs of cells with oppositely polarized hair bundles occasionally occurred in Notch mutants, possibly as a result of compensatory effects from redun-170 dancies in the regulatory circuit. In these pairs, the cytoskeletal organization and protrusions were indistinguishable from those in wild-type animals (Supplementary Fig. 3 ). The misorientation of protrusions in uniformly polarized 173 pairs was therefore not an effect of a systemic disruption owing to the muta-174 tion, but stemmed specifically from a lack of distinct polarities in these hair 175 cells.
176
If polarized protrusions represent a signature of a broken symmetry in cel- We additionally investigated mutant neuromasts in which hair cells of 191 both polarities arose from the experimentally induced expression of NICD in 192 a random pattern rather than through intercellular interactions [15] . Even 193 though positively and negatively polarized cells originated at random posi-194 tions within these neuromasts, we predicted that polarity-based active move- in which x is the global organ axis and x i is a reference point within cell 210 i. With ∆γ s denoting the magnitude of the tension drop along the cell, we considered the following surface tension profile for cell i:
in which λ is a gradient length scale of the order of a cell's size. The sign of 213 the gradient along x is given by the signaling states u i , such that oppositely 214 polarized cells have oppositely oriented surface-tension gradients ( Fig. 1D ). and data ( Fig. 4E ).
269
Interacting symmetry-breaking events 270 The biochemical and mechanical mechanisms underlying dipole formation organ axis x appears explicitly through Eqs. 5. The surface-tension gradients 290 are initially small, so the tilt can be considered linear, such that the surface 291 potential can be simplified to
with 
from which we can recover the angular velocity (Eq. 6) using the appropriate 298 angle transformation.
299
The divisions of precursor cells in a neuromast are typically aligned with 300 the organ axis as a consequence of PCP signaling, such that the initial dis-301 tribution of cellular orientations is not uniform [13] . Rather than occupy- 
337
Although surface tension-driven movements on substrates have been well 338 explored both for passive droplets and for active cells [37, 38, 32] , to our 339 knowledge this study represents the first theoretical treatment of a system 340 with two coupled, active "droplets" with oppositely oriented gradients in sur- normalizing the timepoints to the respective doublet lifetimes,
in which we have denoted the timestamps of the image recordings as t Abs . To The mutually suppressive Notch interactions give rise to a Goldstone-type signaling potential, as shown in a cross-sectional view (left) and portrayed in three dimensions (right). Initially similar cells poised near m = 0 move to one of the degenerate states at the bottom of the well (dashed line) as they undergo signaling. Because divisions of hair-cell precursors are often oriented along the organ axis x, most pairs have initial angles ψ = π (I) or ψ = 0 (II). B, Active mechanical forces subsequently give rise to an explicit symmetry-breaking event. Once the two hair cells have converged to positive and negative signaling states, they manifest opposite cellular polarities that induce active cell movements in opposite directions along the organ axis, by which the symmetry with respect to ψ is broken. The mechanical forces governed by cellular polarization tilt the Goldstone potential (right), such that the circular set of states at the bottom of the well assumes a cosine shape as a function of ψ (left), with a maximum at the negative and a minimum at the positive dipolar configuration (Eq. 7). C, The theory predicts that precursor cells dividing out of alignment with the axis of PCP should nonetheless produce hair-cell pairs that rearrange into the correct dipolar configuration. The products of occasional off-angle divisions indeed always attain the correct final state.
